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Abstract 
It is well established that wind resistance is responsible for most of the metabolic cost of cycling in level ground. Aerodynamic 
drag is about 80% of the total resistive force in road racing at 30 km/h and up 94% in time trial competitions at 50 km/h, so that 
it becomes very important to reduce it to improve cycling performance and similarly, but less investigated, in handcycling. We 
have investigated handbike aerodynamics by means of wind tunnel tests to define the drag area in different athlete’s positions. 
We found significant differences between the propulsive stage, when the athlete is pedaling and the purely aerodynamic stage, 
when the athlete is not pedaling and he has only to minimize his drag, as in a downward slope. Track tests are used to confirm 
wind tunnel data. 
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1. Introduction 
Reduction of drag resistance is one of the most important goals for many sports and it is widely studied in the 
research. Aerodynamics has been extensively investigated in cycling (Gibertini and Grassi, 2008; Debraux et al., 
2011), whereas less data are available concerning handbike. Nevertheless, race handbikes are able to reach 
significant velocities (higher than 50 km/h) where drag force is responsible of most of the athlete’s power 
consumption. 
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We performed a wind tunnel study at Politecnico di Milano to measure the drag force on handbikers in different 
layouts to investigate the effect of the athlete position and equipment (suits, helmets…) and of the bike equipment 
(wheels type, camber). In the wind tunnel tests the bike is placed over rollers so that the cyclist can pedal with an 
adjustable resistance. The rear rollers are moved by an electric motor so that when the athlete pedals and moves the 
front wheel, also the rear wheels are moved: in this way it is possible to test having all the wheels spinning at the 
same velocity. The test showed significant differences in the drag force, in particular depending on the athlete 
position. In fact it is to note that, depending also on the athlete disability needs, completely different positions can 
be used during the race, in particular in the phases such as a downward slope, where the biker has not to pedal and 
he can adjust his position only to minimize drag. Tests have been carried out with two athletes of different classes 
of the Italian team that took part to the London 2012 Paralympic Games: Vittorio Podestà and Alessandro Zanardi. 
These two athletes use different bikes: Vittorio Podestà (Paralympic cycling classification H2) uses an arm 
powered handbike while Alessandro Zanardi (Paralympic cycling classification H4) uses an arm trunk powered 
handbike. 
A second part of the research compares the wind tunnel results with track tests: during the training athletes has a 
computer with a power meter on the bike that measures the torque on the pedals, the velocity and the track 
properties (GPS). Track data are used to estimate the aerodynamic drag in different training conditions and than 
compared with wind tunnel tests (Padilla et al., 2000; Gibertini et al., 2010). 
 
Nomenclature 
CDA drag area [m2] 
D drag force [N] 
V bike speed [km/h] 
r  air density [kg/m3] 
Ș drivetrain efficiency [-] 
M total mass (bike + athlete) [kg] 
g gravity acceleration [m/s2] 
Į track angle [deg] 
s track slope [%] 
fv rolling friction coefficient [-] 
 
2. Tests set-up 
2.1. Wind tunnel tests 
Tests have been performed at Politecnico di Milano Wind Tunnel. The facility is a low speed and boundary 
layer wind tunnel. In order to allow the easy positioning of a handbike the large test section of the facility has been 
used. The dimensions are 14 m wide and 4m hight; considering the typical frontal area of a cyclist of about 0.4 m2 
the blockage is very low (<1%). The maximum wind velocity is 16 m/s (57 km/h) and the turbulence intensity is 
equal to Iu=2%. The velocity profile is uniform except the presence of boundary layers close to the walls: in order 
to put the bikes outside the boundary layer a ground-board with height equal to 350 mm has been realized. The 
handbike is mounted on a support frame that has two vertical arms that fix the bike frame (Fig. 1). The wheels are 
placed over rollers so that the cyclist can pedal with an adjustable resistance. The rear rollers are moved by an 
electric motor so that when the athlete pedals and moves the front wheel, also the rear wheels are moved: in this 
way it is possible to test having all the wheels spinning at the same velocity. The main part of the support frame is 
located under a ground-board, it is connected to a force balance and it is shielded from the wind. Data were 
sampled at 500 Hz for 20 s: mean values are used in the analysis. During the tests videos are taken to identify and 
control the biker position. Tests were performed at two different wind speeds: 35 and 50 km/h having a cadence of 
about 70rpm. 
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In case of a cyclist that is riding in still air the test wind speed corresponds to the actual bike velocity while this 
is not true in case of windy situations. In these cases the drag force depends on the relative wind velocity that can 
be not aligned with the travelling direction in case of lateral wind. Lateral wind force can also be important but it is 
not investigated in this paper (Gibertini and Grassi, 2008). 
In cycling aerodynamic drag is often expressed in the way of a drag area as 
21
2
D
DC A
VU
    (1) 
that is the ratio between the drag force D and the wind dynamic pressure 2 2VU . The drag area has the 
dimensions of an area [m2] and can be interpreted as the product of a drag coefficient and the frontal area of the 
cyclist (García-López et al., 2008). The balance was zeroed before each test performing a wind off zero measure 
with the athlete in static position. 
 
 
Fig. 1 Overview of the set-up in the wind tunnel test section 
2.2. Track tests 
Podestà and Zanardi performed several training session at the London 2012 Paralympics Brand Hatch circuit. 
During the training athletes have a computer with a power meter on the bike that measures the torque on the pedals, 
the velocity and the track properties (GPS) (Lim et al., 2000). These data (Fig. 2) are generally used to analyze the 
performances but they can also be post-processed to identify significant mechanical quantities. The method is 
based on a mathematical model of the motion realized using an energy balance: this method is widely used in 
mechanical engineering and it has been applied with slightly different formulation in cycling since 80s (Martin et 
al., 1998; Groen et al., 2010; Dahmen et al., 2011). The model includes the pedaling power provided by the cyclist, 
the rolling resistance, the gravity force work due to slopes and obviously the aerodynamic resistance. The energy 
balance equation can be written as: 
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Fig. 2 GPS data of training session in the London 2012 Paralympics Brand Hatch circuit: Zanardi – lap2 
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K        (2) 
where Wped is the power generated by the athlete, Wg is the power due to the gravity force, Waer is the power due 
to the aerodynamic resistance and Wroll is the power due to the rolling friction. Wped is multiplied by an efficiency 
factor Ș to take into account the power dissipated in the drivetrain. The sum of these quantities correspond to the 
variation in the kinetic energy of the system that is equal to the power due to the inertial forces. The formulation we 
use neglects the power dissipated by brakes and it assumes no windy conditions. 
The components of equation (2) are described in Table 1. This method is easy to apply, and also more accurate, 
in case of track tests in steady state conditions (fixed velocity) and flat ground, such as in case of tests in 
velodromes. On the contrary, it is more complicated to use in transient conditions since the knowledge of the 
instantaneous physical quantities is needed and signal to noise ratio is critical. 
Table 1 Nomenclature: quantities 
Description Name Value 
Pedalling Wped measured 
Gravity force Wg  sinMg V MgsVD |  
Aerodynamic resistance Waer 2 2 D VV C AU  
Rolling resistance Wroll  cosv vf Mg V Mgf VD |  
3. Results 
3.1. Wind tunnel tests 
Despite the large number of athlete equipment (suits, helmets…) and the bike equipment (wheels type, camber) 
we tested, we want to focus our attention on the different drag experienced by the athletes depending on the 
performance stage. We can distinguish a propulsive stage (P), when the athlete is pedaling and an aerodynamic 
stage (A), when he is not pedaling and he has only to minimize his drag, as in a downhill. 
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Table 2 reports the drag area resulted in the wind tunnel tests for the two athletes in the two different stages and 
the corresponding frames are in Fig. 3 and Fig. 4. 
     Table 2 Drag area CdA in the different layouts. 
Athlete Propulsive stage 
(P) 
Aerodynamic 
stage (A) 
Vittorio Podestà (H2, arm powered) 0.21 0.20 
Alessandro Zanardi (H4, arm trunk powered) 0.22 0.13 
 
(a)  (b)  
Fig. 3 Vittorio Podestà during a test run: (a) propulsive stage (P), (b) aerodynamic stage (A) 
(a)  (b)  
Fig. 4 Alessandro Zanardi during a test run: (a) propulsive stage (P), (b) aerodynamic stage (A) 
3.2. Track tests 
Raw data recorded by the power meter can be analyzed for each time step according to the energy balance 
equation described in section 2.2 and solved in order to estimate the drag area. We distinguish the propulsive stage 
from the aerodynamic stage depending on the pedaling power: when it is null, we suppose that the athlete is in 
aerodynamic position (A), while when it is non-null we suppose the propulsive position (P). Unfortunately, the 
estimation of the instantaneous quantities is affected by a large noise as described in Martin et al. (1998), in 
particular the power of the inertial forces and the slope if based only on bike GPS data. We summarize the 
averaged values of CdA over the entire lap for the two stages as reported in Table 3. 
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Table 3 Drag area CdA in the different layouts: track tests values. 
Athlete Propulsive stage 
(P) 
Aerodynamic 
stage (A) 
Vittorio Podestà (H2, arm powered) 0.245 0.204 
Alessandro Zanardi (H4, arm trunk powered) 0.202 0.139 
 
4. Discussion & Conclusions 
Wind tunnel measures of drag resistance in handbike showed drag areas of the same magnitude and lower with 
respect to typical values measured in cycling. Typical drag area of a time trial position in cycling is 0.220 m2 
(Gibertini et al., 2008) while in our tests we found values as low as 0.140 m2. Tests show that it is possible to 
distinguish two different ranges of CdA depending on the athlete position: we found lower values of CdA when the 
athlete is not pedaling with respect to the values measured in the propulsive stage. In particular, large differences 
are found for an athlete of an H4 class (arm-trunk powered) where the drag area in the aerodynamic stage is 40% 
lower than in the propulsive one. This information could be used in developing race performance strategies. In case 
of an H2 athlete this difference, even if measurable, is almost negligible. 
The analysis of the power meter data shows a good agreement with the wind tunnel tests values in terms of 
averaged CdA values. However, the accuracy of the model could be improved even further focusing on the 
analysis of the instantaneous data. 
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